Introduction
Metal-alkali ion exchange in glass has been widely used to dope silicate glasses [1] . The process is realized by immersing silicate glass slides in a molten salt bath containing the dopant ions, which replace alkali ions of the glass matrix. Ion exchange with copper has in particular attracted new attention for the blue-green luminescence properties of copper-doped glasses [2, 3] , useful for laser technology, as well as for the third-order nonlinear optical features of copper nanoclusters in glass [4] [5] [6] . The former property is due to the copper ions dispersed in the glass matrix in the Cu + oxidation state [7] , while the latter to the formation of Cu metallic nanoclusters. In this framework, the knowledge of the distribution of copper oxidation states inside the treated glass is a central issue for both the understanding of the incorporation process and for application purposes. At present, only a few studies have been dedicated to ion exchange with copper [8] [9] [10] [11] [12] , and several open questions yet remain concerning the copper behavior inside the glass upon ion exchange. Because of the possible presence of different oxidation states, namely, Cu + , Cu 2+ and Cu 0 , copper distribution within the matrix follows a rather complex behavior [11] , critically depending on both glass and bath composition as well as on the process parameters. In this work, X-ray abu Fax: +39-041/234-8594, E-mail: gonella@unive.it sorption fine structure (XAFS) spectroscopy in grazing incidence mode and secondary ion mass spectrometry (SIMS) were performed on soda-lime glasses after Cu-alkali ion exchange. The combined use of these analytical tools allowed us to define an exhaustive picture of the microscopic structure reached after the doping process. In particular, XAFS spectroscopy provides detailed depth-dependent information on the local structure, allowing to relate the observed copper distribution features to the local composition and structure [13] . A phenomenological model of the diffusion process was developed to account for the anomalous distribution of the copper species outlined by the experimental analysis techniques.
Experimental
Ion exchange was realized by immersing commercial soda-lime (wt. % 69.6 SiO 2 , 15.2 Na 2 O, 1.1 K 2 O, 6.5 CaO, 5.1 MgO, 1.8 Al 2 O 3 , 0.4 SO 3 , 0.2 TiO 2 and 0.1 traces) glass slides in a molten salt bath of CuSO 4 :Na 2 SO 4 (54:46 mol %); the process was carried out at 545
• C for 10 minutes. X-ray absorption spectroscopy was performed for the Cu K -edge (8979 eV), on the Italian beamline GILDA of the European Synchrotron Radiation Facility (ESRF), with a bending magnet device source. The sagittally focusing monochromator [14] , used in the so-called dynamical focusing mode, was equipped with two Si(311) crystals. Harmonic rejection was achieved by using two Pd coated mirrors with an energy cutoff at about 21 keV. The X-ray absorption spectra were collected at room temperature in fluorescence mode, by a high-purity 13-element Ge detector. Using XAFS in grazing incidence [15] configuration, one can select the probed depth by varying the incidence angle of the incoming beam. X-ray absorption near-edge structure (XANES) spectra were simulated as a linear combination of the standard spectra for Cu + and Cu 2+ in soda lime glass [16] , to obtain the information on the oxidation state of copper in different ionexchanged regions. Extended X-ray absorption fine structure (EXAFS) region of the X-ray absorption coefficient was analyzed to have information about the local environment of copper ions, in term of interatomic distances, coordination numbers and Debye-Waller factors. To select the thickness of the probed region, measurements were taken for different beam incidence angles, ranging from 0.13 to 3.5 degrees (with respect to the sample surface), corresponding to an attenuation length from about 4 nm to 5 µm, respectively. The attenuation lengths were calculated following the data tables [17] . As a standard reference, X-ray absorption spectra in transmission mode were recorded for Cu 2 O and CuO crystalline powders, and for Cu bulk. EXAFS (extended X-ray absorption fine structure) data processing was carried out by Fourier filtering and multi-parameter fit in the R-space. Theoretical scattering amplitude and phase were generated by FEFF code [18] and the multi-electron amplitude reduction factor S 2 0 in standard EXAFS formula was fixed to the value obtained from standards spectra (S 2 0 = 0.8 ± 0.1 for both CuO and Cu 2 O). Copper and alkali ion concentration profiles were determined by secondary ion mass spectrometry using an IMS-4 f CAMECA spectrometer, equipped with a normal incidence electron gun to compensate the surface charge buildup while profiling insulating samples. We used a 14.5 keV Cs + primary beam and negative secondary ion detection (rastered area: 125 × 125 µm 2 ). The absolute values of concentrations were determined by Rutherford backscattering spectrometry (RBS) measurements.
R e s u l t s
Concentration profiles from SIMS data are shown in Fig. 1 for a typical soda-lime doped sample, processed under the conditions described above. For a soda-lime matrix, the exchange takes place between copper and sodium (see Fig. 1 ). An accumulation of copper in the region near the surface is evident, giving rise to copper distribution profiles that cannot be described by the usual phenomenology for the diffusion of a single ion species. Previous studies evidenced that the resulting profiles are given by the contribution of both Cu + and Cu 2+ species [11, 19, 20] . In particular, it has been suggested that Cu 2+ diffuses directly from the bath in the very first exchanged region following an erfc profile, while the much more mobile Cu + species is distributed throughout the whole exchanged region, with a gaussian shape [11, 19, 20] .
Previous XAFS studies [21] [22] [23] showed that copper ions in ion-exchanged soda-lime glass are mostly in the Cu + state, FIGURE 1 SIMS in-depth concentration profile of ion species taking part to ion exchange in soda lime glass. Exchange was performed in CuSO 4 :Na 2 SO 4 bath at 545 • C for 10 min but this result does not distinguish the possible different location of the copper ion species within the doped layer, since data are integrated over the whole ion-exchanged layer. In order to quantitatively determine the relative amount of the two oxidation states for copper at different depths, and thus to test the validity of the assumption about the location of the two copper species, the Cu + /Cu 2+ ratio values were determined as a function of the depth from the collected X-ray absorption near-edge structure (XANES) data. In Fig. 2 , the XANES spectra are reported, collected for different incidence angles, together with standard spectra for CuO and Cu 2 O polycrystalline samples. In Fig. 2 , the spectra obtained for incidence angles ranging from 0.13 deg to 3.5 deg, corresponding to attenuation lengths of 4 nm to 5 µm, respectively, are shown together with the simulations (dotted lines). The Cu + /Cu 2+ ratio varies from 30:70 at the surface up to 85:15 in the case of the spectrum collected at 3.5 deg of incidence (5 µm of attenuation length). The local order was investigated, in terms of coordination number, interatomic distances and Debye-Waller factors, by EXAFS analysis. The moduli of the EXAFS Fourier transform (FT) with the relative fits are reported in Fig. 3 for Cu K -edge. Transformations were performed in the interval k = 3-9.5 Å −1 with a k 3 -weight. The interatomic distances, coordination numbers and Debye-Waller factors, as obtained by the fitting procedure, are reported in Table 1 , together with the data for reference standards.
The moduli of EXAFS FTs exhibit, for all the samples, only one peak that can be ascribed to copper coordination with oxygen atoms. No second shell correlation is suggested between alkali and copper ions, as already found in other investigation [15, 16, [21] [22] [23] . In the ion-exchanged samples, Cu atoms are expected to locate in the Na + sites, bound to non-bridging O atoms after the substitution in the glass matrix. Nevertheless, the Cu−O bond length, which varies from FIGURE 2 Cu K -edge absorption spectra collected for different incidence angles (solid lines), together with spectra of copper in glass with oxidation state (+1) and (+2), indicated as Cu + and Cu 2+ . The simulated spectra are also reported (dotted lines). Respective attenuation lengths are also indicated Result of EXAFS analysis for the analyzed sample at Cu Kedge. R, N and σ 2 indicate, respectively, interatomic distance, coordination number and Debye-Waller factor. For the standards, N is fixed to the crystallographic values, while R and σ 2 derive from the fitting procedure 1.85 to 1.94 Å depending on the different incidence angles, is significantly shorter than the Na−O (2.30 Å) separation in glass, [24] , and similar to the Cu−O bond length in copper oxides (1.85 Å in Cu 2 O and 1.95 Å in CuO). This indicates that copper forms strong bonds with the matrix components and that structural rearrangements take place in the glass during the exchange process. The Cu−O bond length varies from 1.94 to 1.85 Å and the coordination numbers from 3.8 to 2.8 as the incidence angle increases (i.e., increasing the X-ray beam penetration depth), in agreement with XANES simulations that suggest an increase of Cu + /Cu 2+ ratio by increasing the probed depth. The EXAFS results for the spectra collected at 0.13 deg (i.e., 4 nm of penetration depth) are in agreement to values for the crystalline CuO oxide: copper coordinates 3.8 ± 0.9 oxygen atoms at a distance of (1.94 ± 0.03) Å. By increasing the penetration depth of the X-ray beam, the Cu−O average distance shifts to the typical value for Cu 2 O oxide. The same trend is found for the coordination numbers. The values found for interatomic distances and coordination numbers are in agreement with previous investigations [22, 25, 26] . Indeed, the Debye-Waller factor values for the Cu−O bonds in the samples are larger than the ones for crystalline standards, due to the more disordered structure of the studied systems. Finally, it must be underlined that no metallic phases are present [15, 16, [21] [22] [23] ].
Discussion
The interdiffusion process between Cu 2+ , Cu + and Na + was analyzed by means of the phenomenological model based on the Nernst-Planck expression [27, 28] for the ionic fluxes J:
where c i (x, t) are the ionic concentrations as a function of depth and time, D i are the ionic self-diffusion coefficients, z i eD i /kT are the ionic mobilities as from the Einstein relation, which are proportional to the ionic charge z i e, and E is the local electric field. This term arises from the local charge unbalancing, which takes place due to the different mobility of the ionic species [28] [29] [30] . Under the hypothesis that the charge balance is locally maintained, the three equations are converted into two, thus giving the following conditions for the ionic fluxes and concentrations:
where c 0 is the sodium bulk concentration in the glass. From (5), the following condition on the concentration gradients can be deduced:
The expression for the local electric field can be derived from (1)-(4):
By substituting this expression in (1) and (2), the flux equations for the two copper ionic species take the form:
where
If the surface concentration of Cu + and Cu 2+ are assumed to be constant during the process (the molten bath acts as an infinite supplier), the evolution of the concentration profiles can be determined by integrating the equations:
∂c
where the ionic fluxes are given by (8) and (9) and with the boundary conditions (for the normalized concentrations, atomic fraction):
Equations (14) and (15) were integrated by means of a standard explicit finite difference method, where the surface concentration values are assumed to be constant to the values c 0 Cu 2+ = 0.33, c 0 Cu + = 0.17. These values, which are normalized to the bulk sodium concentration in the glass, are calculated from the experimental surface concentration and from the Cu + /Cu 2+ measured surface ratio. To study the role of the different parameters in the migration mechanism, the concentration profiles of the two copper ionic species were calculated for a 10 minutes interdiffusion process by taking different values for the self-diffusion coefficients. The order of magnitude of the copper diffusion coefficients can be obtained from the observed penetration depth values, since no data are available in the literature for most of copper diffusion parameters in glass. On the other hand, the sodium self-diffusion coefficient is reported for soda-lime glass networks of similar composition [31] . The self-diffusion coefficients for Cu 2+ , Cu + and Na + are, there- fore, evaluated of about 10 −12 , 10 −10 and 10 −9 cm 2 /s, respectively. The most interesting result is that the correlation effects between the ionic fluxes give rise to a Cu + diffusion profile with a maximum below the surface (see Fig. 4a ), while the Cu 2+ concentration profile is quite similar to that observed for an interdiffusion process of only two ionic species. This finding is in contrast with the reported hypothesis that copper diffusion as measured by SIMS is simply due to a superposition of an erfc with a gaussian profile. Basically, the different behavior of the two ionic species must be ascribed to their different mobilities, which are directly related to the respective diffusion structure (pointed out by EXAFS results) strongly affect the jump from one site to another in the glass network, giving rise to quite different diffusion behaviors. To evidence the role in the migration process of the different self-diffusion coefficients, they were varied by one order of magnitude, from 8 × 10 profile does not change appreciably by varying the Cu + selfdiffusion coefficient. On the other hand, the variation of the Na + self-diffusion coefficient did not give a significant modification of the copper species profiles. These findings are consistent with the results obtained in the case of the interdiffusion of two species only, where the final concentration profiles are determined mainly by the transport parameters of the slower ion. In Fig. 4 are reported the partial (a) and total (b) copper concentration profiles, respectively, as calculated after 10 minutes of interdiffusion time and by using for selfdiffusion coefficients the values:
−10 cm 2 /s and D Na + = 6 × 10 −9 cm 2 /s. At this stage of the model, the interesting result is the accumulation of Cu + below the surface, with a distribution profile exhibiting a maximum towards 2 µm depth. Indeed, this feature should be expected to explain XANES results, as discussed above.
The very poor agreement between the experimental and the calculated curves for total Cu (Fig. 4b) is due to two simplifying assumptions which the model is based on. First, the diffusion coefficient and the ionic mobility are supposed to follow the Einstein relation. Second, the diffusion coefficients are taken as constant during the entire interdiffusion process. Indeed, it is clear also from literature [3, 22, 25, 26] that during the ion-exchange process the glass network under-goes concentration-dependent structural changes, owing to local coordination rearrangements at the ion sites. Therefore, to give a complete description of the interdiffusion process in ion-exchanged glasses, it is necessary to assume that the diffusion coefficient of the individual ions depends on the concentration due to the modification of the local structure. This kind of problem has been extensively studied in the case of mixed-alkali glasses, where the transport parameters of ion species nonlinearly depend on the concentration [32] . This behavior is mainly attributed to the effect of the composition on the activation energy of the self-diffusion coefficient D, which follows an Arrhenius-type relationship:
where ∆E is the activation energy for the ion diffusion between two adjacent sites. In particular, it has been established that the activation energy barrier for alkali ion diffusion in glasses is affected mostly by the interaction energy with the different types of surrounding ions [32] [33] [34] . The potential energy for the ion located into a glass site depends on the interaction energies with neighbors, i.e., an alkali ion having a stronger bond with neighbors is in a deeper potential well, giving rise to a decrease of the diffusion coefficient. During diffusion, the concentrations of the different ionic species affect the potential energy owing to the change of both the neighbors atoms and the interatomic distances due to the modification of the local network structure. For ion-exchanged glasses, an approach similar to mixed-alkali systems can, thus, be used [35] . In the case of the copper diffusion process, we integrated the interdiffusion equations by supposing diffusion coefficients following the Arrhenius relationship with concentration dependent activation energies. In particular, the activation energy of each ion is to depend on the concentrations of the three ion species involved in the interdiffusion process. For instance, the activation energy ∆E (Cu + ) of Cu + has the following expression:
where ∆E 0 (Cu + ) is the activation energy excluding the contribution of the neighboring ions, X(i) are the ionic fractions of the different species, and ∆E (Cu + − i) are the interaction energies between Cu + and the neighboring ions FIGURE 5 Partial a and total b copper diffusion profiles calculated after 10 minutes of interdiffusion total time and by using values reported in Table 2 involved in the interdiffusion process. Following this approach, the interdiffusion equation were integrated by supposing concentration-dependent activation energies as from (19) , where the first term is included in the pre-exponential factor D 0 . The pre-exponential factors and the activation energies were varied such to reproduce both the copper diffusion profile obtained from SIMS measurements and the Cu + /Cu 2+ integrated ratio as a function of the depth obtained from XANES measurements. In Fig. 5 , experimental data and theoretical curves are shown, obtained with the parameters reported in Table 2 . The good agreement between the Cu + /Cu 2+ ratio as a function of the depth and the experimental XANES Cu + /Cu 2+ ratio is shown in Fig. 6 . Each point represents the ratio integrated from the surface up to the corresponding depth.
The obtained energy values are comparable with those reported in the literature, where the mixed-alkali effect for sodium and potassium is studied following this model [32] [33] [34] , and where values ranging from 0.5 to 1.5 eV are indicated for the activation energies of potassium in binary silicate glasses. As concerns the pre-exponential factors, their choice is certainly less critical for the fit procedure with respect to the activation energies. In any case, the parameter for Na + is in agreement with literature data [31] , and the copper ones are correspondingly reliable.
It must be underlined that the interdiffusion model we used to describe copper-sodium ion-exchange does not include any red-ox kinetics of copper ions during the process. This phenomenon is still a matter of debate in the case of coppercontaining glasses produced from melts. In particular, it was established that the equilibrium Cu + /Cu 2+ ratio in these systems depends on a large number of parameters, notably the Values of pre-exponential factors and interaction energies used for the interpolation of the experimental data reported in Fig. 5 FIGURE 6 Cu + /Cu 2+ ratio as a function of the depth for the profiles of Fig. 5 compared with XANES Cu + /Cu 2+ ratio melting procedures, the sample thermal history and the glass composition [35] . Moreover, the equilibrium conditions can be reached only after several hours of heating. As far as the surface processes are concerned, it can be assumed that the salt bath at the beginning of the process contains only Cu 2+ ions. Therefore, the main chemical modification in the salt phase, and notably at the glass surface, can be only a reduction process from Cu 2+ to Cu + . Since this kind of transformation has been observed by Sakka [12] for chloride salts, it can be assumed to occur also for sulphate salts. We, therefore, integrated the interdiffusion equation systems taking into account that stationary value of the species surface concentration is reached within few minutes, as indicated by XANES results. After this time, the shape of the diffusion profiles becomes indistinguishable from that obtained starting from constant surface concentration values. This result suggests that the bulk migration mechanisms are those which determine the shape of the concentration profiles, once the surface phenomena have reached the equilibrium. In bulk glass, if any kinetic red-ox process occurs, it is much slower than that which drives the reduction mechanism at the surface [36, 37] .
Taking into account these results, we can conclude that the copper migration mechanism can be completely described by supposing that the surface ionic concentrations are constant since the first exchange steps, and no red-ox mechanisms is present into the glass matrix. This result does not definitely discard the presence of some red-ox process at the surface or into the bulk of the glass, but these effects are certainly not important for the copper migration.
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C o n c l u s i o n X-ray absorption near-edge structure spectroscopy in grazing incidence mode and secondary ion mass spectrometry were performed on Cu-doped ion-exchanged soda-lime glasses. A model was developed for the description of the diffusion process. The main conclusions that can be drawn are:
-The interdiffusion process between Cu + , Cu 2+ and Na + is governed by correlation effects between the ionic fluxes, giving rise to a copper distribution which is strongly dependent on the transport parameters of all the species involved in the process.
-The Cu + diffusion profile exhibits a maximum below the surface. This behavior is peculiar of an ion exchange process involving more than two species, which is described here for the first time. On the other hand, Cu 2+ diffusion follows a monotonic decreasing distribution. -The diffusion coefficients and so the activation energies came out to depend on the local ionic concentration. This is related to the local structure modification, evidenced also by XAFS measurements. -The ion exchange process has been described by a model that for the first time points out the relation between the observed phenomena and the mixed-alkali effect. -The migration of the two copper ions is governed by the dynamics of the diffusion, while the chemistry of copper states equilibrium plays a negligible role. -Synchrotron radiation-based techniques are crucial in the determination of the structure of ion-exchanged glasses.
In particular, the use of grazing incidence configuration allowed to discriminate the different ionic states as a function of the depth, giving also information on the local order around each species.
